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ABSTRACT

The fluctuations of radio signals at microwave frequencies on overwater paths
are explained on the basis of a periodic rise and faIl of the water level. From
this study, it is ecen tht the variations in the radio signal strength will con-
tain the frequency of the water level cycles and also the second and third har-
monics of the water level cycles.

Ttz same model predicts that the crosacorrelation function of the fluctua-
tions of the radio signal at two vertically spaced antennas will drop from unity to
zero as the separation distance is changed from zer.o to one-half of a lobe width
of a height-gain interference pattern.

Although the model assumes reflection from a plane surface, the results of
the study successfully explain most of the features of the observed fluctuations
of the radio signals on two overwater paths.

I. INTRODUCTION

A study of the propagation of microwave radio signals on overwater paths is
confused by the absence of a suitable model of the rough water surfaces. Reflec-
tion from hemisphere, sepi-cylinder and broken mirror type surfaces have been
considered, but the resdIts obtained are very unwieldy and the appropriateness of
the models for actual sea surfaces is questionable.

MEa of the cbmartristics of the overwater radio signal fluctuations can,
however, be explained in terms of a plane reflecting surface which rises and ft.!I -

periodically. This report investigates some of the effects of this simplified
model and compares the results with measured overwater propagation data. The co-
parison indicates that at smiall gsdng angles the simplified model is adequate to
explain a number of measured ohar-cteristics.

It is not implied that the plane stirface model gives a complete explanation
of the radio signal fluctuations. It is felt, however, that the plane surface
model does give a very good solution where a large coherent reflected component is
present. It is felt, further, that a clear uderstanding of the plane surface
case will be of value in approaching the problem of reflections from rough sur-
faces.
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II. MATHEMATICAL FORMULATION OF TOTAL RADIO SIGNAL EQUATION

It is assumed that the path length is short enough so that straight line pro-
pagation may be used and that the effect of the earth's curvature may be neglected.
With these assumptions, the phase difference, e, b&tween the direct and the re-
flected %aves at the receiver can be epressed as accurately as needed by the fol-
lowing equation,

4'n hjh2e - - (i)
KD

where hI - transmitter height in feet.
ha receiver height in feet.
D - path length in feet.
K = wavelength in feet.

The reflecting surface is assumed to rise and fall sinusoidally with time and
the deviation of the reflecting plane fro its average value is given by

h - b sin (wt) (2)

where b is the maxdiou displacement of the reflecting plane from its average value,
measured in feet.

The height of the receiver and of the transmitter are given by

Ia + 4h and

h2 - h2o + bh

respectively.

The equation for e mst nnoa be expanded to show tho oh.ng in h, and h which
rsult from the reflecting surface height variations. The equation fM e is 2

W P. f1h h (h 2h~ (Tr (4)
- KD L o . 0 o j

If we assume that Ah is small compared to (h, + h2o) we can rewrite Equa-
tion (4) as follows: 0 0



1 3

(hT IL (~o ) h2 (4) 

[xv ' h h + r (hl + h~0) b] Sin wt()
D 10 20) DI

/

-e *4+ Sinwt (6)

The equation for the resultant received signal, S, is

E-= ]o ( i +ie j 1 (7)

where, Eo - electric field strength of the direct ray or free space signal at
the receiver.

K - reflection coefficient.

The ratio R of the resultant signal to the direct or free space signal is
given by

R- (B/Eo) -1 KSee (8)

where

•-arc tan K sin e (10)
1 + K Cos 8

Since our primary interest is in the fluctuations in the total sinal aqpli-
tude, we vill consider only the scalar magnitude of'R .n Equation (9) which is,

JR] - ) . Co+ I e)1/2

A binominal series eWansion of IRI is,

R I w X1/2 K-1/2Cos . K2 X 3/ 2Cos 2 9 + 3-5/2cos3e

2 3

x 7/2 84se + M x C2 os e. ... (12)40

where X (1 + K 2 ) *

,I



" ... ncY .. CoanE terms in Equation (r) for n 1-. 2, 3., etc.,*

and colJIect coc=fixAients of like terms.

IRI WA-0 A, s a4-Ap aer20 *A 3 abo36~ ... r

where

-- Z

A,

-i ...

4V 5:=7

The, COO O te S in FASUaicn (13) em also be cpandied a fan11 le

COO Ve - Cs U(66 * C SJU1n)15

- Cox (no + # sin ci)O16

- Cos (ne0) Coo (n4 SIn &w)- Sin (neb) Sin (z~jbSin at) (17)

where

Coo (n4 Si wt - n~sin (00(- Sin oWt)4 
-(4I Sin wt), )

2? 4! 6.'

sin (#t si W. - (mt, sin WO + a'Sn ~ (x'Snct 5
-~(e

A@ a. finAl step in the expansion of Coo E in Equation (12) , the M

tamts. m a 0, 1, 2, 3, etc,, in Equations (18) can be exppn~1ed; and by enlleoting

the ooefficients of like terms, a final expression for IR Iis obtained in tems

of a fundimentl (aot) and its hamonics, (n wt), as follows:

IRI - BO B, Sin wat + BP Coo 2 a*t + B3 Sin 3 Wt + B4 Cos 4 Wt *.. (19)
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where

Bo A, do Cos EP + A2 rh02 Cos 20 + A3  .3 Cos 30o +.

Bi u-A 1  l, Si'-, eo - A %.2 Sin 2eo - A3 e 3 S,, 3o

B2  Al 1 c o 1as % 4' A2 4 2 Cos 2% + A3c 2 7 Cos 3eo  ..+ (20)

B-- A 431 Sr eo - A (32 Sit 26 - A3  33 Sin 3eo -

B4 "A 1 4, Coso + A2 j4 Cos 290 + A-3 4 3 Cos 3No +

and

S1) ___ 3 (_)5 (#)7

(W)
4 48 1536

; . A .'A

p ? - - +
'P_ "192 " O "

.E3 +

A.,-=-..

7n-322560-I

Equation (19) is the final and debired expression for I R i. The terms shown
in Equations (20) should be adequate for determining the B coefficients for K < 1
andc < J. If K = I and ep . , more terms may .av 4W be added to the -aries shown
in Equations (14) (20) and (21), depending on the accuracy required and the high-
est harmonics of Interest.

An expression similar to Equation (19) can be obtained for the total relative
power received if I R 12 is expressed as the sum of a series of sine and cosine terms
obtained through an expansion of Cos 0.
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JR12  + F2) + a Cos e (22)

R12  0 C1 Sin wt C2 Cos 2wt 3 S n 3 (23)

+ C4 CoB 4* + C 5  5 in ...

where

co -( + K2 ) + ZK a Cos go

01 -a2K ( hi Sin6 N)
C2 = 2K (1 Cos Go

(24)

0 3 ssin e3

C -2Kc~ Cos 94 41 0

5 w2K'c 51 sit G

and the 4P functions are ds defined in Equation (21) for n - 1.

III. NUMERICAL EAAMPLE

Equations (19) and (23) in the preceding section show the frequncy of the
raf'Lecting surface height variations and its harmonics appearing in the received
radio signal. A numerical eample is solved in this section to further emphasize
the importance of the surface variation frequency and its harmonics in the total
signal.

Equation (11) is used to compute JRI for several values of the parameters
80 and K. A value of 580 is chosen for cw in Equation (6) to correspond to experi-
mental data described later. The frequency of the surface variation is arbitrary.

The solution for IRI in the numerical exnpla is shown in Figures 1. 2 and 3.
The amplitude of the principal frequency components in JRI is shown in Figures 4,
5 and 6 as a function f (f%. The amplit de ourves in Figures 4, 5 and 6 were ob-
tained by a Fourier [1J analysis of the iR| curves in Figures 1, 2 and 3., Higher
harmonics than the third were found to be small.
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T
The curves in Figuraa 1 thru 6 graphically nhow the effect produoed by ihe

reflecting surfi.hoe variation on. %.he radio signal received. The fundamental of the
surface variation frequency, for exvmple, is found to be dominant over mot of the
xvange of 0 o , A strong second harmonic is found most of the time with a ttird har-
manio becoming prominent for some valuen of 900

It is important to note that only the even harmonics are present in I R I at
0 0 or 10o° Figures 4, 5 and 6., This would corroepoad to having the signal

fluctuate about a signal mximim or a signal minimum, respeotiveWy, in a height-
gain curve. The dinappearance of the odd harmonice is prwioted by Equation k!
since the Sin (ne) coeffioent of Sin (n 4Sin r) is zero for 0 - 00 or M .
Thus, thl term, which givea the odd harmonics, disappears for these conditionas,

The curves in Figure I show the magnitude of the three primary frequency QM,-
ponents present in the relative radio power reoeived, Ekat&in (24). These oumres
weret computed using the € functions as defined in Equations (21) for n -1.

IV, CORRELATION CONSIDERATION

The normalized orounsorrelation [2 ] ooefficient P12 (0) is oomputed at ' * 0
for the r.eleotLng esuwaoe variation and the fluotuations in the total received
signal, The mathematioal wprtssion foroP2 (PC) i

T1

Where Y Wt w X.C Sin oat, (asumed r~fleoting surface amplitude vuariation).
(t) = fluctuating part of R Lac. ocmponent of curves in FJguree 1,2 d 3 .

Yita effective value of Yl(t)

y2 (t) a effective value of y2 (t)

The croutoortulatIon coefficient for T - 0 18 shown In Figure 8 as a funa-
tion of U0 for K w 1.0. The aurvea for K " O.X and 0.6 were also computed butt
are not shown as there was no significant difference betwoen them and Figure 8.

Tho orossoorr)]Ation curve in Figure 8 shows a correlation coefficient of zero
ttwp- the radio nignal variations and the A-Gf eoting surface variations when
9,., 0 or 190o, or in terms of height-gain uarves, whn at a eigna maximum

A atnga nroanourrolation curve, Flguru 9, was computed fnew the Cluctuwa-
tionp in the total nitpa1 at 0- 0 and thi fluctunf+ iona ft rthor values of Oc' .
This wAn comput-ed for K -. 0 otaiy. The cur show the correlation to be, axpootod
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between the _-uatuationa in the signal at a height-gain maxidmum and the fluctua-
~tions, in the signal at athmr reoeivek" heights whiah arm near the height of the

height.-gain uaximt. This curve, of cou rse, is directly applicable only to the
numerioal e. zrale in 'Ohio paper.

rV. ANALYSIM OF FIELM NKASURM RADIO SIGNALS ON OVEWATER PATH

Signal strength measurements were made on an overwater path, 16,200 feet long,
across the Golden Gate Inlet, San Francisco. California. Figure 10. The trans-
itter height m6 87 feet above mean sea level and the receiver height was approxi-

mately 50 feet above mean sea level. The water level data [31 were obtained at the
pile in Figure 10. A nominal value for the swell amplitudes as measured was twof .feet, peak to trough&

* Spectral density studies [4] were made of tha variations with timo of the
water level and of the variations with time of the radio signal. Sample curves
are shown In Figuree l, 12, 13 and 14.

Figure 1 is the water data spectral density curve and ts tygloal of all the
water data samples tak . The rehquency at which the peak oourred varied slightly
fre day to day but otherwise the iurve remained essentially the same, The speo-
tral density umes of the radio signal varied oonslerably as Figures 12, 13 axd
14 will ateeb. These are t3optcal. oases of the curves found although there were
a few cases in which the second peak was larger than the first. There were no
oases in which a definite fourth peak was found.

The very good agreement between the central frequency at which the peak occurs
in the water spectral density curve, Figure 11, and the central freauoncy of t,h
first peak in the radio spectral denslty curves, Figures 12, 43, and 14 su gut
very strongly that one results from the other. Also the second and third peaks
in the radio da'ba are so near the second and third harmonic frtnuencies of the
first peak central frequency that it must be assumed that they are the harmnios
of the first peak ontral frequency.

The n'morioal example ourvee in Pig" 7, show how a proper choice of 60o would
yield by thaoretioal analysis, curves of I R I having the same fluctuation oharac-
teristics to found in the measured data. In Figure 7, for example, a constant
amplitude reflecteod veve with a ean r elative time phasea of W 'or NT0d id a r elit-
tire time phase v "l Rtion of "f Sin cot would have producad in the toi-Al received
sinal. a time vrring oomnent having a strong funda*men&l and a negligible :eaorn
and third harrwnic of the driving frequency as found in the measursd data shown
in Figuro 12. If the mown relative time phase had been 150 or 165 , a spectral
density curve similar to the memaured curve in Figuro 13 would have been obtained.
Siilarly, a mean relative time phame of 1300 would have resulted in the spetral
density Ocaure in Figure 14.

The theoretical analysis, oC aoour, il for a single %nter wave froquency and
thus gives only line spectra, whereani, the field measured curves are for conditions
of oritInuoun wmter %mvn Mpectl'A. It Is not too difficult, however, to visAalive
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UtA drt-oing force in the ntzrioal w~le as a band of fteqimmaies. in wMeh ose,
the spectra would be a band spectra similar to tho field measvrsd care. Tho. wenee that the pattrn cn Figr ::. 13 w4 14 plus i, othf ould be obtained
from a single speoularly raflected wave of consitant amplitude.

The mean relatIve pkase 0c in the field mmfaur-d data was essentially aonsta t

,ver short periods of time, 1-owever, changes in water level due to the tide did
change Fi ooniderably over longer perixi. of tlm. Tides ried fraa for to mix
feet durn the period of measurement and thun changed the etfeotive teniinal
heights h and h, suoh that 06 vried during the day as suoh as 2 o 3480, de-
pening thete t hat day. This range cf variation wal sufficient to cover
almost all of the possible ombiuations of oO*ponqtm show in Figure 7.

* VI. SWTHIS OF RADIO SIMIAI8 ON AN OVIMTET PATH

The ocean model assumed in Seotion I is used to oos~te a height-Sain ourm
for a second vervmter path. The eqtation for the curve is numbeor (a). The am-
ponants of the relative phase angle 0 varL in aoordanoe %tth Xqwlion (5).

The values. assined the pawameter, in Equation (8) are those of an vrmter
4. path, at arataria Pas, uisiana []. .. Figure 15. The veYosa t. " 61.7

feet b w/12 foot, h- 0.105 foot, and D a 2780 feet. The tin ntara lo an
the Aegit of the refleeting surf4ae are arbitrarily related to the time faotor
d.,...,-,i..- 4a .M suijha a way ISat (.i y ooies or the Mu face variations
are oatoq&l1td in one cycle of the height-gain variation. If we neglect v in the

ooeponent of Ajation (5) and assme an initial phase angle for the refleoting
surface variations, the equatiox for 0 is

. 2.6J6 h2 b- "- +--2 sin (.9 h2 - 3-037)

A value of 0.9 is assumed (5 3for K, so that the equation for R is

I 1 +. '0. 1,2.656 h2 - ,sin (2.8.9 h2 - 3-,37o (7)

Equation (27) is shown plotted in Figure 16(b).

The uyntheeis of the radio signal in carried one stop further in order to
, inveetigate the effect on the pattern of the height-gain murve of a sm1ll variation

in the reflection coefficient. Accordingly, K is assumed to vary- in the following

- 0.9 -0.05 si (18.9 h,, 3.0371 (28)



- 5.,

Ir0

M

cc a. ,

I 4a'. F '



29

Now-. i.

--- - -~ -- -. -- -~ - -

....... .. ...

IV

0
.. . .. ..

..... -----

CYL TEGH GANITREEC6ATR

F IEL~ LA A'Jr TORFTICAL HEIc3HT.--AIN CURVES

FIG. 18



. A

If we ae.ume ' to be zero, the equation for R is

149 - 0-05Sin (18.9 h,, - 3-n37)]j ~ (29)

A plot of Equation (29) ie shown in Figure 16(o).

Figure 16(d) is a plot, of R with both K and e having 4 sinumoidal time V8r7-
it oom;,onent. The equation for R is

- -+o.9 0.05 sin ( 9 h2 - ,

-. 657 h i~n C18.9 h, .O7J (30)

Figure. 16(a) In a *ample of the moio signal R as .&tAl3y measred at Blartor1.l
Pass. The agreement of this signal with the synthedized signals In 16(b) and (d)
ir very good ar4 indioates the ;t.reme importance of the reLitive phake of ti,
reflected wawo.

VII. OWIL01

1,. VariAtiAe.s in the re:.tive time phao of the refleCted Wave generates,
in the accbination of the direct wave and theo raelected wave in the receiver, a
fundamntal and higher harmonlca of the driving motion oausIng the phase var--

2. Normalized roesecorrelation etudiesi of ths time variations in the Pn.U-
tudo of a radio signal taken on an overwter path and the a3s."lated time varia-
t.cn, in the height of the ocean aurfaoe may vary from zero to unit7, depending
an th6 r6ALive time phase of the refleoted radio wave and the Oreot radio wave,

3, torm&Uzed osnacorr:Ltion studies of the time variations in the ampli-
tude of radio signals taken on vertically spaced antennas may vary from plus or
minus one'to zero.

. The 8ood agreement of the spectral density distribution of the time vari-
ations in the radio signal with the predicted spectral density distribution based
on the assumed ocean model indicates that the assumed model is a good approximation
of the tru ocean existing at ths time the field data were taken.

5. The good agp 'oront referred to in paragrnph (4) above also shows very
strongly that the relative time phAse variatione in the reiflectod radio signal
I.,'v,e a major factor in determining the time stability of the amplitude of the total
radio signal.

YwiI __
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6. The rproduibility of field measured data by relative time phaso vari-
ations in the ref aiotod ray ottfrts add itional evidence of tha importanoe of the
relative time phase variationi in the tie stability of the total radio signal.

7& The prominence of the surface variation findamntal in i-irm im t3
and 31 suggests that the surface reflected wave comes primarilY from a wsali ares
*arnli-r the geometrical image point, i.e,, an area of the same order of magnitude
as the individual swell wavelength.
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